Parameters of DNA double strand break (dsb) repair catalysed by human nuclear extract were analysed using, as substrate, the replicative form (RF) of Ml3 mp8 in which a single double strand break (dsb) was introduced by restriction. After incubation with the extract, the dsb repair was estimated by the ability of the incubated RF to produce plaques following transfection into 3M 109 (Rec A~) bacteria. The possibility of recombination with a purified fragment from M13 mp8 RF enhances up to 20 times the plaquing ability of the RF.
INTRODUCTION
It is well demonstrated that the presence of double-strand breaks (dsb) or gaps in DNA gives rise to an increase in genetic recombination (1) (2) (3) (4) (5) (6) . Two models have been proposed to account for recombination between a double-stranded broken DNA and its intact partner : i) the Double-Strand Break Repair model, which was established from data in yeast (7) : recombination is initiated by a double-strand break or a gap in one DNA molecule ; the interruption is repaired using the unbroken copy of homologous sequence as template. Therefore the break has to be located in a region of homology between the two DNA's to allow such a process, li) the Single-Strand Annealing model (8, 9) : the ends produced by a dsb are substrates for single strand exonuclease, producing complementary single-stranded regions. These regions are then paired and generate intermediate recombinlng structures. According to this model, the dsb has not to be necessarily located in a region of homology.
DNA dsb is a critical damage induced by ionizing radiation. Both cell killing and the number of unrepaired dsb are increased as a function of the dose delivered (10, 11) . Different rejoining processes can operate for the repair of dsb in irradiated cells (12, 13) . In yeast, haplold cells are more radio-sensitive than diploTd cells (U and ref.
O IRL Pros Limited, Oxford, England. therein). An explanation would be that some dsb are responsible for cell death and that the dsb are repaired mainly via a recombinational pathway between homologous sequences. The situation is not dear in mammalian cells since no cell lines with an haploTd content are available. X-ray sensitive hamster cells, defective in dsb rejoining, do not exhibit apparent defect in the ability to perform homologous recombination (15, 16) .
It therefore appeared of interest to ask if homologous recombination promoted by mammalian nuclear extracts enhances the rate of dsb repair. The strategy depicted in fig. 1 was used in order to answer this question. The test chosen was based upon the restoration of viability of repaired molecules and not on the selection of a recombined phenotype.
MATERIAL AND METHODS

Strategy
We used, as substrate, the replicative form (RF) of the bacteriophage M13 mp8 digested by the restriction endonuclease Smal. M13 mp8 RF possesses an unique Smal endorestriction site (Fig. 1A) . The Smal digestion results in a homogenous population of linearized RFs. Following digestion, the RF exhibits a drastic reduction in its ability to produce plaques after transfection into host bacteria. The digested RF was incubated with human nuclear extract, then purified, ethanol precipitated and transfected into JM 109 (rec A~) bacteria. Two assays were simultaneously carried out: a) the digested RF was Incubated alone in the extract, then transfected into bacteria. The number of plaques formed is referred as P[. b) the digested RF was coincubated in the extract with the 1 kb Avall-Bglll fragment (Fig. IB) purified from M13 mpS RF. The whole DNA's were then transfected into bacteria. The number of plaques formed is referred as P2.
The contribution of the fragment to the double-stranded break repair is given by the reactivation rate (RR), i. e. the ratio P2/Pl» A R R $ 1 indicates that the presence of the fragment In the incubation mixture has no effect on repair of the dsb created in the RF. A RR > 1 indicates that the presence of the fragment leads to enhanced repair of the dsb.
Cells and nuclear extracts
HeLa cells were maintained in RPMI medium supplemented with 10% fetal calf serum and checked for the absence of mycoplasma contamination (BRL mycotest). The cells were grown in 150 mm diameter Petri dishes (Nunc). 2 to 5 x 10* cells were collected by scraping with a rubber policeman after three washings with cold phosphate buffered saline (PBS). The cells were centrlfuged and suspended in 10 ml of buffer A (20 mM Tris-HCl pH 7.5, 0.5 mM MgCl2, 0.5 mM dithiotreltol, 5 mM KC1, 2 mM CaCl2 and 250 mM sucrose). After 15 minutes, the cells were collected by centrifugation and resuspended in buffer A without sucrose but with 1 mM phenylmethylsulfonyl fluoride (PMSF). Nuclei were released by 40 strokes in a Dounce homogenizer and collected by centrifugation for 1 min at 2000 g. The nuclei were washed * times in buffer A with 0.5% NP40, then 3 more times in buffer A without NP»0. Nuclei were resuspended in 2 ml of 500 mM NaCl, 10 mM EDTA, 0.1 mM PMSF, sonicated at 0-4°C for 30 sec using a Branson sonifier (output 6, duty cycle 50%) and ultracentrifuged at *0,000 rpm for 1 h in a SW 56 rotor. The supernatant was passed through a DEAE sepharose column equilibrated with 500 mM NaCl. Proteins were precipitated with (NH^SCty (50%) and centrifuged at 10,000 rpm for 10 min. The pellets were dissolved in 1 ml of 50 mM Tris (pH 7.5), 0.1 mM EDTA, 10 mM p-mercaptoethanol, 0.1 ml PMSF, 10% glycerol, and dialyzed overnight against the same buffer. Protein concentration was determined by the Biorad protein assay.
DNA manipulations
Isolation, purification and modification of DNA's from phage M13 mp8 were carried out using standard procedures (17) . All enzymes were used in conditions specified by the manufacturers. In vitro assay 500 ng of digested RF and various amount of Avall-Bgin fragment were incubated with nuclear extracts, for different time, in a 100 pi reaction mixture containing 20 mM Tris-HCl (pH 7.5), 10 mM MgSO$, 1 mM ATP, 100 uM each dNTP. The DNA's were then purified by phenol extraction and ethanol precipitation. 
Transf ectlon of bacteria
The bacteria 3M 109 (recA", lacZ'-) (18) were grown to a DO of 0.8-0.9 (A= 550) and were transfected according to the method of Hanahan (19) . The transfected bacteria were plated on Petri dishes with IPTG and X-gal in 3 ml of Top Agar.
RESULTS AND DISCUSSION
Following incubation with the nuclear extract, the RR is increased up to a value of 15 according to the protein concentration (Fig. 2) , the time of incubation ( Fig. 3 ) and to the relative amount of fragment (Fig. 4) . When the DNA's are transfected without prior incubation with the nuclear extract, the RR presents a maximal value of 1.5 (table 1 and background values of Fig. 2 and 3 ). This indicates that the plaque forming efficiency of the digested RF transfected in the bacteria (which are rec A~) is not increased by the presence of the co-transfected Avall-BglH fragment-Boiling the extract abolishes its effect. Moreover there was no increase of the RR when the two DNA's were incubated separately with the extract, mixed after purification and then incubated in the absence of extract (table I) .
These data show that the addition of the fragment leads to an enhanced efficiency in the dsb rejoining in the RF only when the two DNA's are coincubated in presence of the extract. We can conclude that the effects are brought about by activities present in the nuclear extract.
The break created in the RF has to be located in the region of homology with On the other hand, we observed that homologous pairing between uncut RF and the fragment was independent of exogenous dNTP's (20), whereas the enhancement of RR was partially dependent of exogenous dNTP's (table 2 ). This appears to indicate that a limited polymerization has to occur for an efficient dsb rejoining although the RF contains a punctual dsb and not a gap. In accordance with the model of Double-Strand Break Repair (7), we can postulate that the dsb has to be enlarged prior to its repair. By "fragment" we intend : the Avall/Bgin restricted sequence purified from M13 mp8 RF.
The transfection frequency of uncut DNA without incubation with the extract is 10^ pfu/ug DNA. The transfection efficiency of uncut DNA after incubation with the extract is about 5 x 10^ pfu/ug DNA. * refers to an experiment in which the two DNA's are separately incubated with extract, then purified and coincubated 30' at 37°C without extract.
•* The Pi and ?2 values represent the sum of values obtained from, at least, 3 independent experiments.
One possible mechanism could be that a cut represents the initiation point of exonuclease activity leaving complementary single-stranded regions which can anneal by pairing. This possibility is excluded by the lack of enhancement of the RR when the two substrates are separately incubated (table 1) . Therefore, our system does not monitor a process corresponding to the Single-Strand Annealing model (8, 9) . This could be due either to loss of the required exonuclease activity during the preparation of the extract and/or to the fact that our system which involves a fragment of short length is not suitable for the detection of such a process. Another possibility could be the repair of the Smal restriction cut via illegitimate recombination between the RF and the fragment. It is worth to note in this context that X-ray sensitive hamster mutant cells, defective in dsb rejoining, (Fig. 5A ) similar to terminal pairing described by Anderson and Eliason (2*) which would give linear molecules, the viability of which (Fig. 5A) would not be increased compared to that of the original restricted RF. Therefore this could not account for the enhancement of the RR. ii) integration of the fragment at the cleavage site. In accord with this last possibility, the enhancement of RR would occur with the RF restricted at the Ball site as well as at the Smal site. This is not the case (see table 1 ). Moreover, this integration would lead to a modification of the restriction map of the repaired RF. Restriction analysis of 10 repaired clones show no modifications as compared to the normal M13 mp8 RF (Fig. 6 ). These different results allow to exclude a mechanism of illegitimate recombination for the enhancement of the RR. In order to definitively exclude a mechanism of non homologous recombination, we decided to test whether the enhancement of RR is submitted to sequence homology constraints between the fragment and the region surrounding the break in the RF. For this purpose, we used a M13 mp8 RF in which we inserted an octonucleotide linker (Xbal) at 7 nucleotldes downstream the EcoRI restriction site (Fig. 7) . The result (table 3) shows that an interruption of the sequence homology (8 nucieotides long) located at 7 nucieotides from one of the end of the dsb abolishes the RR enhancement effect of the added fragment. In contrast, an enhancement of RR is obtained when the M13 mp8-Xbal RF is restricted by Bgll (table 3), i. e. at 1*8 base pairs from the heterology region. Three mechanisms can account for these data : i) recombination is initiated at the level of the restriction cut with a progressive extension of the pairing reaction. Such a process would be stopped if the homology (hence the strength of pairing) is disrupted within a few nucieotides from the initiation site. It is worth to note that non homologous recombination can be initiated with only 1 to 6 complementary bases to position the junction (25) . In the present case, the homology is only 7 nucieotides. The negative response recorded here is therefore not compatible with a mechanism of non homologous recombination. It is interesting to point out in this context that the minimal length of homology for recombination in Eĉ oli is comprised between 30 and 150 base pairs (26) . ii) prior to the pairing, an enlargement of a few nucieotides occurs at the restriction site up to the region of heterology. This would inhibit the initiation of the pairing process. If this is the case, it indicates that the enlargement extends over a short length, less than 7 + 8 = 15 nucieotides. iii) resolution of intermediates structures would be achieved in bacteria and the E. coli cells could not resolved the intermediates structures formed The structure of the restricted RF harboring a Xbal linker presents an heterology only on one side of the cut, whereas the other side is perfectly homologous to the corresponding sequence of the fragment. We can deduce from the results that homology is required on both sides of the cut for an efficient rejoining. Both ends are therefore involved in the initiation of the process.
Substrates
The viability of the restricted RF incubated alone (the PI value, Fig. 1 ) can result from llgatlon activities present either in the extract or in the host bacteria. Ligatlon can be prevented by dephosphorylation of the 5' ends at the cut. It can be seen that dephosphorylation of the RF causes a decrease of its viability when incubated alone but has no effect on its viability when coincubated with the fragment (Pi and P2 values, table 4) . This results in a strong Increase of the RR. These data indicate that ligation plays a role in the rejoining of a dsb in our system and that the enhancement of dsb rejoining by recombination is not significantly affected by dephosphorylation of the dsb ends. This lack of inhibitory effect in condition 2 ( Fig. 1) can result from the removal of the dephosphorylated ends caused by the enlargement of the break, as discussed above. This would indicate that the enlargement is strongly associated to the recombination process. Indeed if enlargement was only caused by the presence of a dsb, it should take place in either experimental condition, 1 or 2 (see material and methods, and Fig. 1) . The dephosphorylated ends would be therefore removed in either of the two conditions and ligation could occur in condition 1. This possibility is ruled out by the important decrease of the Pi value (table 4). We can propose that enlargement exonuclease activity is coupled to the recombination process ( Fig. 8) , as suggested for dsb repair in yeast (27) . A consequence would be that -phosphate ends are not necessarily required to initiate recombination.
CONCLUSION
The present data indicate that the efficiency of dsb repair is improved when homologous recombination can take place. A multienzymatic complex seems to be involved in the steps of this process (summarized in Fig. 8) . Such a process is in agreement with the model of Szostak et aL (7) which was derived from genetical data in yeast. In accord with the finding that homologous recombination increases dsb repair, a highly increased frequency of a recombined phenotype among the repaired molecules Is expected and is indeed observed (2-5).
Dsb rejoining can occur either by direct ligation of the breaks and/or by recombinational/ligation. Both processes seem to occur in bacteria and in mammalian cells following their exposure to ionizing radiation (13). The in vitro system used here allows to detect the occurence of the two repair processes and to demonstrate that the recombination pathway is predominantly Involved. This can be connected to data showing that rec~ bacteria are fourfold more radiosensitive than wild type strains (28) , although their ligation activity is not impaired (13) .
Moreover we show here that the efficiency of dsb repair is increased as a function of the relative number of intact DNA copies (see Fig. 4 ). This can account for observations done in living cells : i) yeast cells are more radioresistant in a diploid state than in an haploid state (If and ref. therein) , ii) dsb's are successfully resealed in irradiated mammalian cells during their G2 phase, i. e. when they possess a duplicated DNA content (29 and ref. therein).
All these data indicate that, for dsb repair and survival, the availability of a system of homologous recombination, namely the concomitant presence of enzymatic activities and of the suitable substrates, is more important than ligation alone.
